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Abstract. Models of the observed solar irradiance variations relttesblar surface mag-
netism respond to about 95 % of reconstruction; the remgimay originate from non-
magnetic €ects. Sofia & Li (2000) have suggested that the activity cyetelulation of
irradiance is primarily produced by a luminosity variati@roth in terms of changes in ra-
dius,dR, and dfective surface temperatur@T). Taking into account the ellipticity of the
solar shape and from the computed best fit of modelled to ebddrradiance, we show
here thadT must be no more than 1R if combined with a radius variation amplitudd&R
=10 mas. Moreover, we show that the amplitude of solar irragianodulation is very sen-
sitive to small photospheric temperature variation. Weanlie a phase-shift (correlated or
anticorrelated radius and luminosity variations) in td& [dT]-parameter planed{ less
than 0.05K). From gravitational energy considerations, we obtainggreu limit on the am-
plitude of cyclic solar radius variations between 2.2 arilkn. To understand the origin
of the irradiance modulation, the asphericity-luminogirametew is computedw ~ -3.7
10°2. Such a small (negative) value indicates that solar sugheaomena play a major role
in producing the solar luminosity.

1. Photospheric temperature ulation during the solar cycle. Detection of so-
Variation lar temperature variation with the required pre-
cision is very hard to set up. Gray & Livingston
Studies of temperature variation and related 997), using the ratios of spectral line depths
parameters for solar-like stars have shown e#s indicators of stellarféective temperature,
fective temperature to be the likely dominanghowed that the observed variation of photo-
variable (Gray et al. 1996). Concerning thepheric temperature is in phase with the solar
Sun, the variability of this parameter with thecycle. The amplituddT = 1.5+ 0.2K found by
solar cycle is still a matter of study, but athese authors can account for nearly the entire
change inT must have anféect on the irradi- variations of total solar irradiance during the
ance and could explain part of irradiance modsolar cycle. However, spectroscopic measure-
ment of variation in the solar temperature has
Send gprint requests toZ. Fazel proved to be elusive: theéT estimate of Gray
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& Livingston (1997) depends on a calibration We propose here a simple model taking
codficient. On theoretical grounds, Caccin einto account the two last proposals, i.&ee-
al. (2002) obtainedl T ~ 3 K, which is twice tive temperaturedT, and outer shape area,
the experimental value (they noted that thdA, variations (without any magnetic param-
gravitational acceleratiog was not the same eter). In order to determine the relevant solar
for all the stars observed and they found-a layers at which irradiance variations may take
dependence within the spectral line depths). place (Gough, 2001), one needs to compute
Recently, monitoring the spectrum of thghe parametew (Sofia & Endal, 1980), called
quiet atmosphere at the center of the solar digisphericity-luminosity(Lefebvre & Rozelot,
during thirty years at Kitt Peak, Livingston and2004):  w = (dR/R)/(dL/L).
Wallace (2003) and Livingston et al. (2005)
have shown dnearly immutable basal pho-
tosphere temperaturetiuring the solar cycle
within the observational accuracy, i.@T~ 0

with error bars of~ 0.3 K. In this study, we our model can be found in Fazel et al. (2005),
emphasize the sensitivity of irradiance changesased upon a luminosity variation of the form:
to surface fective temperature variation. Limode = Lo + Sin(2rt/P + ¢) dL
where parameters have their usual meanings.
) ) ) Two models of the solar shape, that is an ellip-
2. Reconstruction of solar irradiance  spidal surface and a distorted shape developed
on a basis of Legendre polynomials, were in-

When reconstructing sqlar irradiance vari vestigated, but results were similar. Hence, we
tions, the choice of a suitable model depends

on the time-scales considered. For exampl resent the case of an ellipsoidal shape only,

surface magnetic features, i.e. spots, facul%%r which luminosity temporal variations wil

and magnetic network, mostly produce variay-. reproduced bgRin the range [10, 200] mas
. 9 o y proat dR=0Dbeing the case of a sphere of radi3.
tions of total solar irradiance on periods fro

hours to months. On such grounds, Krivova et
al. (2003) presented a model in which solag.1. Solar outer shape

surface magnetism is responsible for all total ) i
iradiance changes. Such a “surfacic’ modd|ne outer shape of the Sun is defined by the

explains approximatively 95 % of the varia-Surface radiug, as a function of colatitude),
tions, but the 5 % left must be justified. onfaking into account the non-uniform velocity

longer time-scales, Sofia & Li (2000) proposed@t® and the non-homogeneous distribution of
that the observed total solar irradiance varih€ mass inside the Sun. Latitudinal variations

ations (in phase with the activity cycle) arePf the solar radius (Lgfebvre& Rozelot, 2003)
due to changes in solar luminosityl, with C&n be expressed as:
structural reajustments of the solar interior in-  R(9) = Rsp[1+ S evencnPn(e)]

duced by changing magnetic fields. This th‘%/'vhereRsp is the radius of the best sphere fit-

sis is supported by other authors such as Kurmg bothRye andReq (Note thaRg, is different
(1996, 2003), Kuhn et al. (1998) or Kuhn &fom the semi-diameter of the SUR,): G, the

Arr_nstrong (2004), who_ showed thaF faC!J'aez,hape cogicients (“asphericities”) anda(d)
which are supposed to increase the wradmnqgg
&

3. Solar radius variations and
luminosity changes

! . e Legendre polynomials of degreg(n be-
can be dark in the disk center when measur even due to axial symmetry). We need to

in continuum wavelengths. Following Li et a'-compute the solar surface aré®,from R(6),

(2003), we state that observed irradiance vari- o2 .
ations may be due to: which is:A= 4r [ R(6) [1 +(59) ] do.
- internal solar structure changes The best available values of the shape co-

- solar photospheric temperature changes efficients arec, € [—2><10’6, —1><10‘5] andca
- solar radius (more precisely shape) changes.c [6x1077, 1x107°] (Rozelot et al. 2004). For
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convenience, we express these results in frag- Effects of the solar gravitational
tional parts of the best sphere area which cor- energy variations on Rand L

responds to the radii,. Computations were ) )
carried up ton = 4, leading tod A(C2,C4)/Asp € In o_rde_r to investigate the consequences_of
[1.82x10°6, 6.37x10°¢], where the minimum gra_v|tfat|onal energy changes on solar radius
corresponc,js to the I0\;ver bound of and c, variations, Callebaut et al. (2002) used a self-

while the maximum corresponds to their uppe(? ) : .
bound. Those values can be compared to t dAL/L associated with the energy responsi-

ones deduced from an ellipsoid. The area of e for the expansion of the upper layer of the
ellipsoid 0fReq = a = 6.95991&1CF M, Ry = convection zone. We use here the same formal-
q— — L. » [\pol —

ism, but we consider an ellipsoidal surface (Eq.

onsistent approach, and they comput&iR

b =6.95984410° mandc = Va® - b? is: 1). Lete be the fractional radius (@ « < 1):
_ 2 atc if the layer aboverR expands, the expansion
Aor = 2n |2 + (@F/) In == @ is zero ateR and isAR at R. The increase in

Assuming dRs, = da = db (= dc) varies height at a radial distanaein the layer inter-
in the interval [0, 200] mas (Rozelot &val(e¢R R), withR= Rsp= ‘3/R§qu0|, is given
Lefebvre, 2003) we find A/A € [3.08x1075,
6.16x1079].

by h(r) = &R55R, wherer is the usual radial

coordinate aneh = 1, 2, 3... is the order of de-

velopment. The relative increase in thickness

3.2. Solar effective temperature variation for an infinitesimally thin layer at = Rgp is

We computed our model for fierent pairs of obtained fromh(r), and the relatiye change in
temperature can be expressed in terms of the

dT, i.e. [0, 5]K anddR i.e. [0, 200] mas. The . . . ) :
corresponding deviations from the first compor(alat've change in radius. Applying this to an

nent in the Singular Spectrum AnalysRC1, ellipsoid and assumingReq=dRyo =dRsp

were computed over two solar cycles and thaL  [4n(y - 1) 5 3c (b-a?c

best fitisdT = 1.2K atdR= 10 mas. Thises- L _[ 1-« +( al " ab@ - )

timate of the &ective temperature variation, is b —1) \|AR

close to that obtained by Gray and Livingston+LM)] e @)

(1997), Caccin et al. (2002), Li et al. (2003) @+0)In(%F)J] Rsp

as discussed in the first section. We further nqvhere n= 1, y = 5/3, anda ~ 0.96. Our theo-

ticed that computed irradiance was very sensietical approach, through Eq. 2, implies that a

tive to surface ffective temperature. For smalldecrease oRsp, corresponds to an increase of

values ofdT, i.e. [0, 1.5]K, a phase transition |_ in the solar cycle, that is to say solar radius

curve in the fiR, dT]-plane given by: variations are anticorrelated with solar lumi-
o 8 4 4 nosity variations.

dTeiica = 510 °dRE +4.10“dR+ 510 The usual adopted valugL/L = 0.0011

wheredTgiticar belongs now to [0, 0.085]. In (Dewitte et al. 2005, using TSI composite data

the [dR dT]-plane, points under the phasdrom 1987 to 2001, mean valug = 1366.495

transition curve correspond to anticorrelatedV/n¥) leads toARsp/Rsp = 3.5x107 (or ARsp

solar radius variations with respect to irradi= 2.5 km). Frohlich (2005), reanalyzing com-

ance ones, and conversely for points aboy®site TSI data from 1978 to 2004 (mean value

the curve. Observations show a correlation bé = 1365.9930/n¥), foundAL/L = 0.00073,

tween irradiance variations and the solar actiwhich yieldsARsp/Rsp = 3.1 x10°° (or ARsp

ity cycle. Hence, we see how precise measure-2.2 km). Our absolute estimate ARsp/Rsp

ments of surface fective temperature varia-agrees with that of Antia (2003), who uséd

tion over a solar cycle are crucial to deduce, obmode frequencies data sets from MDI (from

servationally, if solar radius variations are corMay 1996 to August 2002) to estimate the so-

related (or anti) with the solar cycle, i.e. abovéar seismic radius, 2.0Rm (with an accuracy

(or below) the phase transition curve. of about 0.6km).
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5. Asphericity-luminosity parameter 2/ From the point of view of theory, we ap-
plied the Callebaut et al. (2002) method to an
ellipsoidal Sun. We could conclude to solar ra-
s anticorrelated with solar luminosity vari-
ons. We further obtained an upper limit on

The asphericity-luminosity parameter can
now be computed from the above results bas
on Dewitte et al. (2005) and Frohlich (2005)ati

~- 3 i
data setsw ~ -3.7 10°. The sign and the value v, o ity de ofiR 2.2-2.5 km. Our estimate

of w are relevant as they characterize solar | .grees with those based on helioseismology.

mldn_osny p_rot(_jucnon. A rrt1_|nus sllg;{ndme%?sl th. e then deduced the corresponding value of
radius variations are anticorrelated with lumig, asphericity—luminosity parameter= -3.7

nosity ones. For a givedL/L, small values of 10-3. Its si :
, . gn reflects thedR dL) anticorre-
dR/Rlead to a smallvand that meansis pro- 400 and its value comforts an upper layer

duced in the upper-most layers (Gough, 2001 echanism as the source of luminosity varia-

conversely, the luminosity production meChaﬂons

nism would be located in deeper solar layers: We conclude that we need more precise

see respectively note 1 and 2 in Table 1 (Wherrﬁeasurements ofiT, dR) during the solar cy-

it se%ms tf;)at Ist?[me lauthqrs quoted here ha(\!% (and on smaller time-scales) to confront the

provided absolute values): observational with the theoretical approach on
solar radius versus irradiance variations.
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